and butyrokinase are present in the cells, it is proposed that a significant portion of energy derived from glutamate oxidation by this organism is obtained from butyryl phosphate.
For two organisms, Peptococcus glycinophilus and Clostridium acidiurici, acetyl phosphate appears to serve as the main energy source for adenosine triphosphate (ATP) synthesis (Klein and Sagers, 1962; Sagers, Benziman, and Gunsalus, 1961) . Although butyryl phosphate may be expected to play a significant role in the energy conservation of butyric clostridia (Valentine and Wolfe, 1960; Twarog and Wolfe, 1962) , it has not been demonstrated previously that this compound serves as the major energy source in any bacterium.
The present report is an extension of the studies of Barker (1937) , Wachsman and Barker (1955) , and Wachsman (1956) , who defined the pathway of butyrate formation from glutamate by C. tetanomorphum. The over-all simplicity of the fermentation balance has led us to study the butyrate kinase of this organism and to implicate butyryl phosphate as a main energy source for this organism.
MATERIALS AND METHODS
Organisms and growth conditions. C. tetanomorphum ATCC 3606 was grown on the glutamate medium described by Wachsman (1956) . The pH of the medium was adjusted to 7.4 before sterilization. Cells were grown in a Biogen (American Sterilizer Co.) at 37 C and harvested by centrifugation after 12 to 14 hr. C. butyricum ATCC 6014 was cultivated as described by Wolfe and O'Kane (1953) . Clostridium sp.
(McCoy strain A-14) and C. tyrobutyricum were cultivated in the same medium. C. pasteurianum W-5 was cultivated in the medium of Carnahan and Castle (1958) . C. sporogenes (McClung strain 175) was grown in broth consisting of 1 % neopeptone and 1 % Tryptone. Butyribacterium rettgeri ATCC 10825 was grown as described by Pine, Hass, and Barker (1954) . Peptostreptococcus elsdenii LC-1 (Bryant, 1959) , kindly supplied by J. L. Peel, was cultivated in the lactate medium of Elsden and Lewis (1953) .
Preparation of crude extracts. Extracts of C. pasteurianum were prepared as described by Carnahan et al. (1960) , and extracts of C. butyricum were prepared by the method of Koepsell and Johnson (1944) . Harvested cells of other organisms were crushed at -20 C with a Hughes press. The broken cells were suspended in water, and deoxyribonuclease was added to a final concentration of 75 ,ug per ml, cell debris being removed by centrifugation after 20 min at 2 C.
Butyrokinase assay. The standard assay contained the following constituents (in ,umoles):
MnSO4, 6; tris(hydroxymethyl)aminomethane (tris) buffer (pH 7.5), 100; potassium butyrate, 400; neutral hydroxylamine, 700; ATP, 10; and enzyme preparation and water to a final volume of 1.0 ml. Incubation was carried out at 30 C for 5 min and then terminated by the addition of 3.0 ml of FeCl3 reagent (Lipmann and Tuttle, 1945 Chromatography. Calcium phosphate (brushite) was prepared by the method of Tiselius (1954) . Diethylaminoethyl (DEAE) cellulose was prepared according to previously described techniques Sober et al., 1956) . In both cases, linear buffer gradients were achieved using elution procedures described by Sober and Peterson (1954) .
Fractionation of crude extract. To 85 ml of the cell-free extract of C. tetanomorphum were added 24.3 g of solid ammonium sulfate, with continuous stirring at 0 to 3 C. The pH of the mixture was maintained at 7.0 by adjustment with 15% NH40H. After 10 min the preparation was centrifuged, and the pellet (F2), having little activity, was discarded. To the clear supernatant fluid were added 22.7 g of solid ammonium sulfate; the pH again was adjusted to 7. After 10 min the preparation was centrifuged, and the pellet was dissolved in 0.02 M potassium phosphate buffer (pH 5.6) and dialyzed for 3.5 hr against 3 liters of water containing 20 mg of Na2S. This fraction (F3) was brought to 14 C, and 4.4 ml of protamine sulfate (15 mg per ml at pH 5.0) were added dropwise to a final proteinprotamine ratio of 6:1. After stirring for 10 min, the preparation was centrifuged and the pellet discarded. Determinations of acetic and butyric acids.
After growth, samples of the medium were clarified by centrifugation and chromatographed on ether-washed Celite (Johns-Manville, no. 525); 10 g of Celite were used to prepare a column 17 mm in diameter.
For elution, the method described by Mueller, Larson, and Lennarz (1957) was used, except that a 100-ml volume of 5 % butanol in chloroform (v/v) was used as eluent after the first 100 ml of chloroform eluate were collected in 5-ml fractions. Titrations with 0.01 N NaOH were carried out to a phenolphthalein end point.
Growth yields on glutamate and histidine. For these determinations, the medium was prepared in a concentrated form and divided into appropriate portions. Glutamic acid was then added, the final volume being brought to 1 liter after adjustment to pH 7.4 with KOH. The medium was dispensed in 1,500-ml Florence flasks. For certain experiments, histidine was substituted for glutamate. In each case, freshly prepared medium, cooled immediately after sterilization, was inoculated with 10 ml of actively growing cells and was incubated for 24 hr at 37 C. Cells were harvested by centrifugation (30 min at 2,520 X g), washed with approximately 40 ml of 1 % NaCl, and again centrifuged (15 min at 27,000 X g). After decanting the supernatant fluid, the tubes were drained and the pellet suspended in 5.0 ml of 1 % NaCl. The cell suspensions were then transferred to previously tared weighing pans, the tubes being rinsed with 4.0-ml and then 3.0-ml portions of 1 % NaCl and the washings combined with the cell suspension. After 24 hr at 110 C, the dry weights (cell yields) were determined; in each case, control values for cell yields on medium minus substrate also were determined. Cation effects on optimal pH of butyrokinase. Considerable variation in the optimal pH was found, depending upon the activating cation used. A rather broad pH optimum is observed between pH 7.4 and 8.3 using Mg++, as opposed to the much more restricted range between pH 7.5 and 7.6 when Mn++ is the activating ion. The over-all increase in activity in the presence of MgSO4 is approximately 30 %, leveling off at a 10 X 10-3 M concentration. The degree of activation of the enzyme is the same for both cations up to a concentration of 6 X 10-M. This additional increase in activity with increasing MgSO4 concentration has been observed also with a partially purified butyrokinase from C. butyricum. Michaelis constants for MnSO4 and MgSO4 were 1.87 X 10-3 M and 4.83 X 10-3 M, respectively, as calculated from Lineweaver-Burk plots (Fig. 1) .
Cation effects upon substrate specificity of butyrokinase. Under conditions of the assay, no acetate phosphorylation could be detected.
Michaelis constants using 6 X 10-3 M MnSO4 (Fig. 2) were 1.43 X 10-2 M and 1.53 X 10-2 M for butyrate and valerate, respectively. Additional experiments indicated that in the presence of 10 X 10-3 M MgSO4 the Km values are: butyrate, 1.08 X 10-2 M; valerate, 1.55 X 10-2 M; and isobutyrate, 7.7 X 10-2 M. For ATP, Km values were determined with butyrate as substrate in the presence of 6 X 10-3 M MnSO4 and 10 X 10-M MgSO4 (Fig. 3) organisms surveyed, C. pasteurianum, C. tyrobutyricum (glucose grown), and the solvent former Clostridium sp. (McCoy A-14) , in addition to C. butyricum (Twarog and Wolfe, 1962) , were found to have good butyrate-phosphorylating ability; specific activities (units per mg of protein) of crude extracts varied from 1.5 to 2.0. C. sporogenes, grown on a 1 % neopeptone-Tryptone medium, had a specific activity of 0.4. Extracts of B. rettgeri and P. elsdenii showed no appreciable ability to phosphorylate butyrate, even though considerable amounts of butyric acid are produced by these organisms (Pine et al., 1954; Elsden et al., 1956) . In keeping with the variations in substrate specificity already reported, crude extracts of the above organisms had appreciable ability to phosphorylate propionate. (Clostridium sp. A-14 and C. sporogenes were not checked). Specific activities varied from 0.8 to 4.6. The specific activity of acetokinase from P. elsdenii was 10.0.
Arsenolysis of acetyl and butyryl phosphate. With the demonstration of butyrokinase in C. tetanomorphum, one would expect to find phosphotransbutyrylase (Gavard, Hautecoeur, and Descortieux, 1957; Valentine and Wolfe, 1960) present if butyryl phosphate is to be implicated in the energy metabolism of this microorganism. For this purpose, crude extracts were used (Table  2) . A comparison of the rates of arsenolysis of acetyl phosphate and of butyryl phosphate is presented in Fig. 4 . Under the assay conditions, (Wachsman, 1956; Barker, 1937; Fry, 1955) . Citramalate cleavage resembles that of citrate cleavage by citritase to oxaloacetate and acetate, in that free acetate is produced rather than acetyl CoA (Stern and Ochoa, 1951) . Thus, of the 100 mmoles of acetate produced per 100 mmoles of glutamate degraded, no energy is derived. The appearance of the remaining acetate probably arises from the phosphoroclastic reaction of pyruvate (Wolfe and O'Kane, 1953; Koepsell and Johnson, 1944 ). Major energy reactions occur during the conversion of pyruvate to butyrate which, on the basis of labeling data (Fry, 1955) , probably proceeds by the route found in C. kluyveri (Stadtman and Barker, 1950; Barker, 1956 Bauchop and Elsden, 1960) on Bacillus subtilis, Escherichia coli, and Salmonella typhimurium growing anaerobically, approximately the same dry weight yields were obtained for a given carbohydrate by the three organisms. Energy was the factor limiting growth in each case. DeMoss, Bard, and Gunsalus (1951) found a linear relationship between the dry weight of organism produced and energy available. More recently Bauchop and Elsden (1960) have reported studies with Streptococcus faecalis, Saccharomyces cerevisiae, and Pseudomonas lindneri grown anaerobically on various substrates. Their studies reveal that the growth yield of these organisms is relatively constant with an average of 10.5 mg (dry weight) per mmole of ATP.
In these studies with C. tetanomorphum, an average of 6.8 mg of cells per mmole of glutamate was obtained or 6.8 mg of cells per 0.62 mmole of ATP generated. Then the average yield of cells per mmole of ATP is approximately 10.9. This value corresponds quite well with the values obtained by Bauchop and Elsden (1960) . On this basis, it is possible to state that a significant amount of the energy derived by C. tetanomorphum is obtained from butyryl phosphate. A similar situation may exist in the oxidation of histidine by this organism.
